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*Corresponding author: e-mail matthias.vangompel@uhasselt.be, Phone: þ32-11-268811, Fax: þ32-11-268899Transparent conductive metal oxides are interesting materials
for various optoelectronic applications including solar cells and
flat panel displays. This study focuses on the in situ deposition
of aluminum-doped zinc oxide (AZO) thin layers on c-axis
oriented sapphire substrates by dc sputtering and on the
structural and electrical characterization. The films have
a typical thickness of 90 nm and a roughness of 10 nm root
mean square. An Al/Zn ratio of 2.4 at% Al was determined by
X-ray photoelectron spectroscopy. X-ray diffraction shows a
preferential growth in the (0002) c-axis direction. Films have
an average transparency of 90% in the visible-light spectrum, a
room-temperature resistivity of 3.7 103V cm and a carrier
mobility of 6.7 cm2V1 s1. 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 Introduction Transparent conductive oxides (TCO)
have been known for over 100 years [1] and even today they
remain a very active topic of research. TCOs can be
described as materials with low resistivity, high mobility,
and at the same time have a high transparency for light in the
visible wavelength spectrum [2]. Therefore, TCOs are vital
materials in the optoelectronic industry with an extensive
range of applications. TCOs are used as backing electrode
in flat panel displays, energy efficient windows, electro-
luminescent lamps, and as an electrode for the use in organic,
inorganic and/or dye-sensitized solar cells [3, 4]. Since the
fabrication of p-type TCOs presents a major challenge,the majority of TCOs used in industry are n-type semi-
conductors [5, 6]. Currently, indium tin oxide or tin-doped
indium oxide (ITO) is the prevalent n-type TCO used in
consumer technology owing to its good optical transmittance
and low resistivity as discovered in the 1950s [7]. According
to the US Geological survey however, indium is expensive,
and recent studies prove that indium is a hazardous material
for both environment and humans [8–11]. Replacing ITO
with a sustainable and cost effective alternative is therefore
inescapable. Because Zn is an abundant element and is
non-toxic when bound in ZnO [12], doped-zinc oxides
are promising to replace ITO. ZnO is a wide band gap 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online color at: www.pss-a.com) Substitution of a Zn
atom by an Al atom can occur at the tetrahedral position (1).
Interstitial doping can occur at the tetrahedral position (2) and
octahedral positions [16, 17].
Table 1 Deposition methods and electric properties of Al:ZnO
thin films at room temperature.
deposition
method
r
(104V cm)
N
(1020 cm3)
m
ðcm2 V sÞ
pulsed DCMRS [26] 7.33 5.84 14.6
DCMR S[27] 4.2 2.6 57
DCMRS [18] 18 0.19 1.8
DCþRFRMS [20] 5 9 20
ACMRS [27] 4 4 32
RFMRS [28] 14.3 4.25 10.3
RFMRS [29] 2.86 7.59 30
RFMRS [19] 3.7 4 40
RFMRS [30] 10 2.5 6
LPCVD [21] 35 3.5 5
PLD [25] 21 0.69 10
sol–gel [31] 80 40 25
r, resistivity; N, majority charge-carrier density; m, majority charge-carrier
mobility. DCMRS, dcmagnetron reactive sputtering; RFMRS, rfmagnetron
reactive sputtering;ACRMS,acmagnetron reactive sputtering;LPCVD, low
pressure chemical vapor deposition.material with n-type semiconducting properties resulting
from oxygen vacancies and zinc interstitials. The electrical
properties of ZnO are further enhanced by substituting Zn
with group-III elements such as Al, Ga, and In [13]. From
these possibilities, aluminum-doped zinc oxide (AZO) is a
very promising candidate because of the low achievable
resistivity, high carrier mobility, high stability, and due to
the fact that aluminum is less toxic to the environment and
less expensive than indium and gallium.
ZnO can be found in three different crystal forms; cubic
rocksalt, cubic zinc blende, and hexagonal wurtzite. The
hexagonal crystal structure is thermodynamically the most
stable of these three different forms [14]. The lattice constants
of hexagonal zinc oxide are a¼ 0.3249 nm and c¼ 0.5207 nm
[15]. The doping mechanism in the hexagonal ZnO crystal
structure of the Zn atoms by Al can be substitutional and
interstitial, see Fig. 1. Ideally, Al doping is substitutional at the
tetrahedral lattice position (1) [16, 17].
Several deposition techniques have been used to deposit
Al:ZnO, includingDC- andRF-sputtering [18–20], chemical
vapor deposition (CVD) techniques [21], electron beam
evaporation [22], cathodic arc deposition [23], sol–gel
deposition [24], and laser ablation [25]. Since sputtering
deposition, be it RF or DC, is commonly used by the
semiconductor industry to deposit thin layers, and because
sputtering produces high quality films, this work will focus
on reactive DC sputtering in argon–oxygen mixtures. In
Table 1, a compendium is given of growth methods and the
resulting electrical properties of Al:ZnO films.
2 Experimental For the in situ preparation of Al:ZnO
films, a UHV sputtering system was designed with a base
pressure below 107 hPa. The concept of the cathodes was
specifically optimized to allow DC sputtering in high-
pressure atmospheres of several hPa O2 or Ar [32]. The
system is equipped with two cathodes, which gives the
possibility to sputter capping-layers on top of the metal-
oxide film.TheAl2O3 substrates, CrystecGmbH (Germany),
are cut in the (0001) direction, have a thickness of 1mm 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimand the size is 10 10mm2. For deposition, the substrates
were glued on resistive heating element with integrated
thermocouple, allowing to reach deposition temperature up
to 900 8C. To guarantee an efficient heat transfer to the
substrate, silver epoxy E-solder 3021 (Epoxy Produkte
GmbH, Germany) was applied as a glue between the heater
and the substrate. Subsequently, the epoxy was baked at
500 8C to ensure a homogeneous silver film between the
heating element and the substrate. The sputter target was
fabricated with Zano-Al nanosized conductive zinc oxide
powder containing 1.0wt%Al and was supplied by Umicore
(Belgium). Since the atomic weight of Zn and Al are 65.41
and 26.98 u, respectively, we obtain an atomic Al:Zn ratio
of 2.4 at%. Portions of 9 g of this powder were pressed
into disks with a diameter of 1.5 inch and a thickness of
2mm by applying an uniaxial pressure of 9.32 105 hPa.
Afterwards, targets were sintered in a vacuum oven with a
base pressure of 5 107 hPa and 900 8C for 1 h, resulting
in a hard ceramic disk. We note that this temperature is
not high enough to incorporate Al into a ZnO crystal.
However, this is not necessary because the powder is already
conductive and sintering is done to obtain a mechanically
hard ceramic sputter target. The targets were glued into
the water-cooled target holder with silver epoxy resin.
Before sputtering, the vacuum chamber was evacuated
below 106 hPa. Presputtering of the target, was done at
a pressure of 1 hPa Ar for 1 h. For deposition, the Ar
pressure was increased to 2 hPa Ar and 1 102 hPa O2 was
added to guarantee a sufficient oxidation of the as-deposited
films. Sputtering was performed with a power of 36W
(80mA, 450V), resulting in a deposition rate of 45 nm per
hour. As current source for the cathode, a N5752 power
supply (Agilent, Germany) was used. The growth time was
typically 2 h, corresponding to a estimated film thickness
of 90 nm. The low sputter rate is a consequence of thewww.pss-a.com
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Figure 2 Optimizing the resistivity of Al:ZnO films as a function
of the growth temperature. All films had a thickness of 90 nm
and were sputtered under Ar and O2 partial pressures of 2 hPa
and 1 102 hPa, respectively.absence of a magnetron insert in the sputter cathode, but
improves the homogeneity of the film thickness.
XRD measurements were performed with a D5000
diffractometer (Siemens, Germany) in locked-coupled
u 2u geometry using the Cu Ka1 line (1.5406 A˚). Atomic
force microscopy (AFM) was employed in non-contact
mode (NCM) to measure the film thickness and the surface
roughness using aNX10AFM instrument (Park Instruments,
Korea). A standard pyramidal shaped Si3N4 (silicon nitride)
cantilever (www.AFMProbe.com) with a length of 125mm
and a nominal force constant of 40Nm1 was used. All
measurements were performed in air at room temperature
and height, NCM-phase andNCM-amplitudewere recorded.
The typical scan size was of 45 45mm2. X-ray photo-
electron spectroscopy (XPS) measurements were performed
on a commercial PHI 5600 LS photoemission system
(Physical Electronics, Germany) in order to analyze the
elemental distribution within the samples. For that purpose,
core-level spectra were acquired using monochromatized
Al Ka X-rays (1486.60 eV, spot size about 1mm2) for
photoexcitation. To determine the transparency of the
Al:ZnO films, UV–Vis measurements were performed using
a CARY 500 spectrophotometer (Agilent, USA).
For the electrical characterization, samples were etched
in a Hall-bar pattern (with a length of 0.9mm and a width of
0.475mm) byphotolithography, using aMJB3MaskAligner
(Karl Su¨ss, Germany) and microposit S1818 positive resist
(Rhom and Haas, USA). The Al:ZnO thin films were etched
with a solution of 1:100 HNO3:H2O for 60 s, and rinsed
thoroughly with DI water. Samples were wirebonded with
an aluminum wire and fixed into a MicrostatHe cryostat
(Oxford instruments, UK) with a temperature range of 4.2
to 400K. The Hall-effect was measured by placing the
cryostate in between a tapered-pole electromagnet (Bruker
B-E 15 v, Germany) with magnetic field strengths of up to
2.07 T. A 2400 SourceMeter (Keithley, USA) was used
in the 4-sense setting to measure the potential used to
calculate the resistivity. A second Keithley 2400 Source-
Meter was used as a voltmeter to detect the Hall voltage at
a magnetic field strength of 2 T and temperatures ranging
from 75 up to 400K. All resistivity- and Hall measurements
were performed with alternating current and field directions
to exclude artifacts from thermal voltages and imperfect
alignment of the Hall leads. Connections between the
cryostat and the electronic instruments were made by
shielded coaxial cables.
3 Results and discussion
3.1 Sample preparation For the sputtering of
Al:ZnO, different deposition parameters were tested to
obtain an optimal result. Pressure, gas mixture, distance
between target and substrate, and substrate temperature were
varied. The guideline to determine whether the chosen
parameters improve film quality, were the optical appear-
ance and sheet resistivity. The preferred optical appearance
is a shiny and smooth film as a first indication for crystalline
quality. This parameter is relevant in most applicationswww.pss-a.comwhere Al:ZnO is used for its good optical transmittance.
Second, the sheet resistance was measured with a van der
Pauw set-up in order to obtain a first indication for the
conductive properties. The optimization of the first two
sputter parameters, total pressure and gasmixture, were done
simultaneously. The total pressure was varied between
1 101 and 3 hPa, above 3 hPa, arcing was unavoidable.
Especially, sputtering in a pure O2 plasma did not give a
stable discharge due to arcing, which occurred already at
currents of just 15mA. The formation of a thin, insulating
oxide layer on the ceramic target is a possible explanation.
Sputtering in a pure Ar plasma leads to a stable plasma with
high currents (80mA), but, due to the absence of oxygen,
only insulating films could be formed. The optimal mixture
between O2 and Ar was found for PAr¼ 2.0 hPa and
PO2 ¼ 1 102 hPa, which corresponds to a 0.5% O2:Ar
ratio. Increasing the amount of O2 above 0.5% leads to an
unstable growth process. To remove a possible excess of
adsorbed oxygen, resulting in enhanced resistivity values,
the films were post-annealed at growth temperature under an
Ar pressure of 2.0 hPa for 30min. In Fig. 2, the resistivity
is plotted as a function of the growth temperature. All
samples were deposited in the standard atmosphere of
the argon–oxygen mixture under continuous gas flow. Films
grown at around 400 8C exhibit the lowest resistivity;
deposition temperatures above 500 8C resulted in opaque
films and the optical transmittance diminishes.
3.2 Structural and chemical characterization In
Fig. 3, the XRD 2u-spectrum of an Al:ZnO film grown
on sapphire is shown. The characteristic Al2O3 peaks
of the substrate at 41.68 and 90.78, the (0006) and
the (00012) plane, respectively, are clearly visible. The
XRD 2u-spectrum of the Al:ZnO thin film with optimal
transparency and low resistivity shows the (0002) peak of
c-axis oriented ZnO at 34.348 and the (0004) peak at 72.588,
while no other phases or crystalline orientations are
visible. Although the lattice mismatch between c-axis
sapphire (a¼ 0.4758 nm and c¼ 1.299 nm) and ZnO 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (online color at: www.pss-a.com) (a) SEM and (b) AFM
image of anAl:ZnOfilm grown at 400 8C. The scale bar has a length
of 10mm.
Figure 5 XPS spectrum with the binding energy of the Zn 3p
and Al 2s orbitals.
Figure 3 XRD 2u-spectrum of a 90 nm thick Al:ZnO film
deposited at 400 8C under Ar and O2 partial pressures of 2 hPa
and 1 102 hPa, respectively. TheAl:ZnO film has a strong c-axis
orientationwhile thepeaksat2u¼ 41.68and90.78originate fromthe
sapphire substrate.(a¼ 0.3249 nm and c¼ 0.5207 nm) is large, epitaxial
growth of ZnO on sapphire still seems to be feasible
according to literature [33–35]. However, final conclusions
on the in-plane orientation of the ZnO lattice with respect to
the underlying substrate cannot yet been drawn.
Figure 4a, reveals that the film is composed of closely
packed, wire shaped crystallites. The typical grain size of
the crystallites in the substrate plane is40 nm. The AFM in
Fig. 4b, shows a roughness of approximately 10 nm (root
mean square) for the film while the substrate roughness was
3 nm (rms), both determined over an area of 45 45mm2.
This roughness may be attributed to the fact that the film is
possibly not completely epitaxial over the entire substrate
surface, but grown as a composition of densely packed
crystallites with a preferred growth direction along the
c-axis.
3.3 Electronic characterization
3.3.1 XPS Although the ratio of Al and Zn atoms in the
target is 2.4 at% Al/Zn, the ratio of Al- and Zn-atoms in the
films is not known beforehand. This ratio can be measured
withXPS using the Shirley algorithm, giving an indication of
the overall aluminum content. We note that there are in
principle three possible doping sites available as shown in
Fig. 1. The XPS spectrum in Fig. 5 is measured at the surface
of the Al:ZnO film and the information depth is 5 nm. The
spectrum shows that the amount of Al present in the film
is equivalent to the 2.4 at% Al/Zn ratio already present in
the sputtering target. This way, we can conclude that the
stoichiometry of the target and the film are identical within
the experimental resolution. No major pollutants or adsor-
bates were detected in the XPS spectrum.
3.3.2 Conductivity- and Hall measurements
Resistivity (r), mobility (m) and the density of charge
carriers (N) were measured using a Hall-bar configuration.
Both measurements were performed on the same Al:ZnO 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimfilm which was grown at a temperature of 400 8C, at
a pressure of 2.0 hPa Ar and 1.5 101 hPa O2. The
temperature dependence of the resistivity, shown in Fig. 6,
indicates a semiconducting behavior. In literature, anwww.pss-a.com
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Figure 6 Resistivitymeasurement on anAl:ZnOfilmgrownunder
optimized sputtering conditions. The solid line is a linear fit with
r0¼ 0.027Vcm, a ¼ 2:1 105V cmK1 with an R2 value of
0.99.Al-doping between 2–3 at% is considered as a transition
region between metallic behavior (0.1–2 at%) and semi-
conducting characteristics (3 and up at%) [36, 37]. The
semiconducting behavior has been attributed to the for-
mation of the aluminum-rich ZnAl2O4 spinel phase, which
in turn also decreases the carrier mobility [38]. However,
we point out that there are no indications for the spinel
phase in the X-ray spectrum shown in Fig. 3. The temperature
dependence of the resistivity was fitted empirically with the
equation r(T)¼ r0a T. This fit yields r0¼ 0.027V cm
and a¼ 2.1 105V cmK1 with R2¼ 0.99252. Although
Al:ZnO films with lower resistivity have been achieved (see
Table 1), values are comparable to previous work, when
taking the high doping level into account [36].
The mobility data and charge-carrier density
results are presented in Fig. 7. The mathematical relation
mn ¼ ðNqnrÞ1 was used to calculate N. The number of
charge carriers is widely constant within a broad temperature
range from 75 to 400K. This indicates that there are noFigure 7 Hall measurement of an Al:ZnO film grown under
optimal sputtering conditions. The solid squares indicate the
mobility (left axis) while the carrier concentration is given by
solid dots (right-hand axis).
www.pss-a.comstructural- or electronic phase transitions present. The
absolute density of carriers is lower than reference values
summarized in Table 1: With a doping percentage of
2.4 at% Al, we estimate the number of Al atoms to be
9.97 1020 cm3. This number, together with a charge
carrier density of 4.8 1019 cm3 yields to a doping
efficiency of 4.8%. This low efficiency can be attributed
to either the formation of amorphous inclusions or to a
trapping of charge carriers at grain boundaries visible in
SEM micrograph in Fig. 4a. However, it is noteworthy that
the electron mobility of the Al:ZnO thin film rises with
increasing temperature. According to Matthiessen’s rule
[39], the mobility is dependent of phonon scattering and
impurity scattering. The impact of phonon scattering on
the mobility is proportional to temperature, while the
contribution of impurity scattering should be temperature
independent. Due to the high doping, the effect of phonon
scattering is probably too small in comparison to the effect
of impurity doping. Therefore, measurements in extended
temperature ranges would be needed to distinguish clearly
between these possible scattering mechanisms. The highest
mobility foundwith our samples is 6.8 cm2V1 s1 at 400K,
being in the same range as literature data for the same doping
level (see Table 1). Nevertheless, similar increase of the
mobility with increasing temperature has been reported
earlier for organic conductors and was explained in a
model where charge transport is governed by trapping and
thermally-induced release of carriers at localized states in
grain boundaries [40].
3.4 Optical characterization Transparency mea-
surements by UV–Vis absorption spectroscopy, see Fig. 8,
where done on a Al:ZnO film grown on glass. Measurements
on films grown on sapphire were not possible due to the
unpolished backside of the sapphire substrates. These results
reveal a transparency up to 96% at 430 nm, which is
equivalent to the best literature values [41, 42]. This is a
promising result for future applications of the sputtered
Al:ZnO film in devices such as organic LEDs and solar cells.Figure 8 Optical transmission measurement of an Al:ZnO thin
film with a thickness of 100 nm grown on glass at 400 8C.
 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sputtering on sapphire substrates without a magnetron or
RF power and the electronic properties were studied.
Best results were obtained with a substrate temperature of
400 8C and 2.0 hPa Ar pressure with 1–2 102 hPa O2
added. The film is composed of densely packed crystallites
with a preferential growth along the c-axis direction.
Although the doping amount of the Al:ZnO film is above
the known solution limit of Al in the ZnO crystal, which
can vary from 0.2 to 2 at% [17], electrical properties are
comparable to literature values, with a room-temperature
resistivity of 3.7 103Vcm and a carrier mobility of
6.7 cm2V1 s1. Furthermore, the mobility was found to
have a thermally activated behavior while the carrier density
itself is temperature independent. Regarding the optical
transparency in the regime of visible light, the films are close
to the state of the art although the proposed deposition
process is straight forward and no special annealing steps
were applied.
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